Two cysteine residues (C-265 and C-318) in the putative hydrophilic regions of sarcosine oxidase were substituted by using site-directed mutagenesis. Since the mutant with the C-to-S mutation at position 318 (C318S) lost the enzyme activity, C-318 (conserved among sarcosine oxidases) is most likely a part of the active site. C265S, C265A, C265D, and C265R showed nearly the same enzymatic properties as those of the wild type. However, they were much more stable than the wild type in the presence of inhibitors that modified the thiol group. Moreover, they were extremely stable throughout the cultivation of the recombinant strains or even in cell extracts.
Enzymes are inactivated by chemical and enzymatic modifications in addition to heat denaturation. Some chemicals and metal ions modify the thiol group of cysteine residues in proteins, resulting in the inactivation of enzymes.
In this work, the sarcosine oxidase from Arthrobacter sp. strain TE1826 (SoxA) was used as a model for redesigning and stabilizing enzymes. Sarcosine oxidase (sarcosine:oxygen oxidoreductase [demethylating]; EC 1.5.3.1) catalyzes the oxidative demethylation of sarcosine to yield formaldehyde, glycine, and hydrogen peroxide. The enzyme is useful for the enzymatic assay of creatinine, creatine, and sarcosine in clinics by coupling with the related enzymes (2) . The soxA gene was cloned and sequenced previously, and SoxA could be purified easily to homogeneity from the recombinant strain (7) . However, the tertiary structure and active site are still unknown, although the enzyme was found to contain no disulfide bridge. Several chemicals and metal ions have been found experimentally to be inhibitory to the activity of sarcosine oxidase (5, 7) .
We demonstrate that SoxA is stabilized against chemical modifications causing inactivation by a rational approach, i.e., hydropathy analysis and the substitution of cysteine residues by site-directed mutagenesis. It is also suggested that cysteine at position 318 is a part of the active site of the enzyme.
Site-directed mutagenesis at cysteine residues of sarcosine oxidase. In the amino acid sequence of SoxA, there are four cysteine residues at positions 155, 233, 265, and 318 (7) . When the hydropathy profile of SoxA was analyzed, two cysteine residues (C-265 and C-318) were found in the hydrophilic regions, and others were found in highly hydrophobic regions ( Fig. 1 ). It is generally considered that hydrophilic regions are on the surface of the molecule and hydrophobic regions are located inside the molecule. To stabilize SoxA against various chemicals and metal ions, we selected C-265 and C-318 in hydrophilic regions and carried out site-directed mutagenesis to replace each cysteine residue with serine ( Table 1 ). Sitedirected mutagenesis was performed with the Transformer kit (Clontech Laboratories Inc., Palo Alto, Calif.) as described in the manufacturer's instructions. Transformation of Escherichia coli JM109 was done by the competent-cell method as described earlier (6) . The mutagenesis oligonucleotides designed are shown in Table 2 . pSAOEP3 (7) was used as the mutagen- (4, 8) .
The mutant enzymes constructed were designated C265S (C-to-S mutation at position 265) and C318S. C318S completely lost the enzyme activity. This result suggested the catalytic role of C-318. Since this residue is conserved among other sarcosine oxidases (3, 9) , it seems to compose the active site of SoxA. On the contrary, sarcosine oxidase activity was found in the C265S-producing recombinant cells.
Purification and characterization of C265S. E. coli JM109 (pSAOEP3-C265S), the recombinant strain producing C265S, was cultured, and the mutant enzyme was purified to homogeneity as described previously (7) . Some enzymatic properties of this enzyme were compared with those of the wild-type SoxA. The main properties of C265S (the effects of temperature and pH on the stability, the optimum pH, the K m value for sarcosine, and the specific activity) were nearly the same as those of the wild-type enzyme, which were described previously (7) . It seems that C-265 is almost irrelevant to the enzymatic function. The effects of inhibitors, however, showed quite a different tendency. N-Ethylmaleimide (NEM), p-chloromercuribenzoate, Ag ϩ , and Hg 2ϩ are markedly inhibitory to the enzyme activity of SoxA. These inhibitors react on the thiol group of cysteine residues in proteins, and only NEM acts irreversibly. After treatment with each inhibitor, the remaining activity of C265S was around 10-fold higher than that of the wild type except in the case of NEM (Table 3 ). These data suggest that the substitution of cysteine with serine at position 265 has an effect on the stabilization of SoxA against chemicals and metal ions.
Construction and characterization of C-265 mutants. To determine whether the advantage of C265S was caused by the disappearance of a thiol group or not, other C-265 mutants were constructed ( Table 1 ). The mutant enzymes whose cysteines at position 265 were substituted by alanine (hydrophobic), aspartic acid (acidic), and arginine (basic) were designated C265A, C265D, and C265R, respectively. These were Table 1 . Recombinant strains were grown at 37ЊC in 50 ml of YT broth (10 g of yeast extract, 16 g of polypeptone, and 5 g of NaCl per liter [pH 7.2]) containing ampicillin (50 g/ml) on a rotary shaker (180 rpm). Bacterial growth was measured as the optical density at 660 nm. Sarcosine oxidase activity was measured every 12 h by the 4-aminoantipyrine peroxidase system (7) . One unit was defined as the amount of the enzyme which catalyzed the oxidation of 1 mol of sarcosine per min at 37ЊC and pH 8.0. WILD, C265S, C265A, C265D, and C265R represent E. coli JM109(pSAOEP3), E. coli JM109(pSAOEP3-C265S), E. coli JM109(pSAOEP3-C265A), E. coli JM109(pSAOEP3-C265D), and E. coli JM109(pSAOEP3-C265R), respectively. AGC TTC GGC GGC TGC GGC TTG AAA ATA GGC TAT  P 
AGC S a Amino acids are indicated below the nucleotides. purified to homogeneity, and the properties were investigated. The main properties of the three mutants were very similar to those of the wild type or C265S, except that the specific activities of C265A and C265D were 82.3 and 51.0% of that of the wild type. Moreover, these mutants were as stable as C265S against p-chloromercuribenzoate, Ag ϩ , and Hg 2ϩ (Table 3) . Therefore, the effect of the substitution of C-265 on the enzyme stability might be caused by the disappearance of a thiol group, which is highly sensitive to inhibitors, and not by the altered hydrophobicity, charge, or bulk. If the thiol group of C-318 is hard to be directly modified, it may be possible that C-265 acts as the carrier of inhibitor. In the case of the wild type, most of the inhibitors will be accepted by C-265 and transferred from C-265 to C-318, resulting in the stimulative inactivation of SoxA. In the case of mutants, only the direct modification of C-318 will cause the inactivation. As presented in Table 3 , the C-265 mutants were not stabilized enough in the presence of NEM. This result supports our model for the SoxA inhibition because NEM is one of the irreversible inhibitors, and once NEM attaches to C-265, it cannot be released from C-265.
Long-time cultivation of C-265 mutant-producing strains. To obtain information on the in vivo stabilities of the C-265 mutants, the SoxA-producing recombinant strains were cultivated at 37ЊC for 60 h. When E. coli JM109(pSAOEP3) producing the wild-type enzyme was cultivated and the production of SoxA was continued for 12 h, the enzyme activity in the cells decreased remarkably (Fig. 2) . In contrast, the enzyme activities in four C-265 mutant-producing strains were decreased little over 60 h. However, the bacterial growth was nearly the same as that of E. coli JM109(pSAOEP3). The proteolytic influence on the recombinant proteins was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of cell extracts of E. coli JM109(pSAOEP3) and E. coli JM109 (pSAOEP3-C265S). In both cases, the recombinant protein bands on the gel were steady for long-time cultivation (data not shown). These results support the idea that substitution of C-265 is also effective in the in vivo stabilization of SoxA because of the disappearance of a thiol group, which is easily modified by various materials.
Stabilities of C-265 mutants in cell extracts. Since SoxA was stabilized in cells by the substitution of C-265, we have taken an interest in the stabilities of C-265 mutants in cell extracts. When the cell extracts of the wild type and mutant C265S were incubated at 4 and 25ЊC, only that of C265S perfectly retained the enzyme activity for 3 days, and the wild-type enzyme was unstable (Fig. 3) . The purified wild-type form was fairly stable at 4 and 25ЊC for 7 days. When cell extract of E. coli JM109 was added to purified enzyme, wild-type enzyme was very unstable (Fig. 3) . In contrast, the purified C265S was equally stable regardless of whether cell extract of E. coli JM109 was present or absent. The same stabilization observed for C265S was also observed for C265A, C265D, and C265R (data not shown). Accordingly, the thiol group of C-265 was regarded as the reason why SoxA was unstable in cells and in cell extracts.
The C-265 mutants are especially useful for the large-scale production of sarcosine oxidase because of their stabilities in cells and cell extracts. VOL. 61, 1995 NOTES 369
